In this study, the severe flood case over East Asia during the 1998 summer was simulated using a regional climate model (SNURCM) with 60 km horizontal resolution (EX60), and the model performance in reproducing the extreme climate events was evaluated. An experiment with higher horizontal resolution of 20 km (EX20) was also performed in order to assess the impact of increased resolution on precipitation simulation of the severe flood.
Introduction
General circulation models (GCMs) have limitations in reproducing regional details because of relatively low spatial resolution and simple representation of physical processes (McGregor 1997; Giorgi and Mearns 1999; Houghton et al. 2001) . In order to obtain regional or local details embedded within a low-resolution GCM, there have been a number of studies for regional climate modeling and climate change using limited area models since the late 1980s (e.g., Dickinson et al. 1989; Giorgi 1990 ). For example, regional climate models (RCMs) have been generally used, not only for reproducing regional climates, which include severe climate events over a specific region forced by analyzed driving fields (e.g., Giorgi and Shields 1999; Sun et al. 1999; Lee and Suh 2000; Wang et al. 2003) , but also for generating regional climate scenarios due to global change (Giorgi et al. 1994; Leung and Ghan 1999a) . Furthermore, RCMs have been applied to various impact studies such as for hydrologic cycles, agriculture, and typhoons (Kim et al. 1998; Wood et al. 2002; Xue et al. 2001; Ahn and Lee 2002) .
RCMs can be an effective tool for simulation or prediction of severe climate events such as floods and droughts, because it can simulate weather and climate events with various temporal and spatial scales. The cause and mechanism of floods and droughts can also be effectively investigated by using RCMs (e.g., Hong and Kalnay 2002) . The well-known extreme climate cases in the U.S. region were the 1988 summer drought and the 1993 summer flood, which were investigated in many RCM studies (e.g., Giorgi et al. 1996; Xue et al. 2001 ). In the simulations of the 1988 drought and the 1993 flood over the central United States, Giorgi et al. (1996) found that the effect of local recycling of evaporation was not important for both of these extreme climatic regimes as compared to the effects of large-scale moisture advection and synoptic-scale cyclone activity. Xue et al. (2001) simulated the hydrological cycle of the 1993 flood using the NCEP Eta regional model, and found that more realistic representation of land surface processes and land surface initialization improved the monthly and seasonal means of simulated regional precipitation. Hong and Kalnay (2002) concluded that the unprecedented drought event over Oklahoma-Texas in 1998 was related not only to SST anomalies but also to soil moisture anomalies, which had a positive feedback relation between the surface evaporation and precipitation.
In the simulation of the 1991 flood event over the Yangtze-Huai River in China, Wang et al. (2000) evaluated model performance focusing on the statistics of precipitation and atmospheric circulation. They also demonstrated that the low-level clouds and the land surface processes played an important role in reasonable simulation of precipitation. Recently, Wang et al. (2003) simulated the 1998 unprecedented severe precipitation event in China using a RCM, and evaluated its performance by reproducing the severe precipitation and monsoon circulation associated with the abnormal Meiyu monsoon fronts.
In spite of enormous efforts to develop and improve RCMs, there still remain several debatable issues in RCM studies, such as uncertainty of large-scale forcing data, parameterization of physical process, choice of model domain and its spatial resolution, and lateral boundary condition technique (Leung et al. 2003) . More studies would be necessary in order to investigate the problem of spatial resolution, because it is not clear what spatial resolution is needed in RCMs to adopt for regional-scale specific interests. It is shown from experiences with numerical weather prediction that increased spatial resolution up to a certain extent usually leads to better forecasts. However, in climate modeling, higher spatial resolution may not be necessary for improvement of forecast. Even if overall simulations seem to be improved with higher spatial resolution, there is a need to further evaluate impacts of spatial resolution on climate simulations (Leung et al. 2003) . Christensen et al. (1998) emphasized that local effects in the hydrological budget were more realistically resolved with increased resolution, especially in mountainous regions. In addition, a higher model resolution gave a more realistic distribution of precipitation in various intensity classes. Mo et al. (2000) concluded that a 20 km experiment in a RCM captured intra-seasonal variabilities of simulated precipitation over the western coast of the U.S. during the winter of 1997/1998, whereas 50 and 30 km experiments did not simulate observed variability appropriately. Denis et al. (2002) introduced a new approach, that is, the Big Brother Experiment, which was used to investigate the roles of one-way nesting in climate simulation. They showed that the timemean variability of fine-scale precipitation was successfully reproduced, especially over the regions where small-scale surface forcing was strong.
With the rapid improvements of computing facilities, horizontal grid spacing has been reduced to a 'fine mesh' not only in regional, but also in global modeling studies. However, the typical range of horizontal resolution in regional climate modeling over Asia still remains about 50-60 km. It is an essential requirement to increase the spatial resolution of RCMs to investigate resolution impacts on simulations of the extreme anomalous climate events over Asia, in particular, precipitation during the East Asian summer monsoon (EASM). During the last five decades since 1955, the strongest flooding event occurred over the Yangtze River Basin (YRB) in the summer of 1998. This anomalous summer flood was related to the abnormal Meiyu monsoon fronts, which appeared in the second half of June and July, respectively (Ding and Liu 2001) . In addition to the YRB region, record-breaking continuous heavy rainfalls took place in the southern part of the Korean Peninsula, and heavy rainfall occurred in northern Japan during the first half of August 1998.
The objective of this paper is to simulate the extreme climate events over East Asia using a RCM with 60 km horizontal resolution, and to evaluate the model performance in reproducing the continuous heavy precipitation occurring over the YRB during the 1998 summer. In order to assess the impact of high horizontal resolution, we also performed a one-way nesting simulation with 20 km horizontal resolution embedded within the 60 km resolution model. In this paper, we describe the regional climate model used in this study in section 2. In section 3, the characteristics of the 1998 extreme floods over East Asia, and the simulated results of the 60 km resolution run are analyzed. In section 4, the results of the 20 km nested experiment are discussed. Finally, the summary and conclusions are given in section 5.
Model description and experiments

The regional climate model
The regional climate model used in this study consists of a mesoscale model, MM5 (Grell et al. 1994) , for the atmospheric component, and an advanced and comprehensive land surface parameterization scheme, the NCAR land surface model (NCAR/LSM) (Bonan 1996) , for the land surface and soil layers. To reduce systematic bias, a spectral nudging technique (von Storch et al. 2000) was also implemented for lateral boundary handling, with a modified relaxation method (Liang et al. 2001) . Hereafter, the model is referred to as the Seoul National University Regional Climate Model (SNURCM).
The NCAR/LSM is a mosaic-type, onedimensional model of energy, momentum, and water exchange between the atmosphere and land. This takes account of ecological differences among vegetation types, hydraulic and thermal differences among soil types, and allows for multiple surface types including lakes and wetlands within a grid cell. Vegetation effects are included by allowing twelve plant types, that differ in leaf and stem areas, root profile, height, leaf dimension, optical properties, stomatal physiology, roughness length, displacement height, and biomass. These 12 plant types are combined to form 28 different vegetated surfaces, each comprised of multiple plant types and bare ground. Soil effects are included by allowing thermal properties (heat capacity, thermal conductivity) and hydraulic properties (porosity, saturated hydraulic conductivity, saturated metric potential, slope of retention curve) to vary as functions of percent sand and percent clay. Soils also differ in color, which affects soil albedos. Consequently, each grid cell in the domain of interest is assigned a surface type, a fraction covered by lakes, a fraction covered by wetlands, soil textures (percent sand, percent silt, percent clay), and a soil color. The land surface model calculates surface albedos (direct beam and diffuse for visible and near-infrared wavebands), upward longwave radiation, sensible heat flux, latent heat flux, water vapor flux, and surface stresses and provides them to the atmospheric model at every time step during the model integration (Bonan 1996) .
Driving forcing in the spectral nudging technique is stipulated, not only at the lateral boundaries, but also in the model interior. These are maintained by adding nudging terms to the horizontal wind fields equation of motion in the spectral domain, with maximum efficiency for large scales, and no effect for small scales. There have been previous studies that share similarities in terms of scale separation using a spectral method (Kida et al. 1991) , but the spectral nudging technique has differences from these studies in terms of the nudging coefficients. Detailed description of the spectral nudging technique can be found in von Storch et al. (2000) .
Experiment setup
In this study, two experiments were run using the SNURCM. The first was to simulate regional climate features over the Asian continent during the summer of 1998 in order to evaluate the model performance in simulating the extreme flood event in China (Hereafter referred to as EX60). The second was a nested experiment that simulated the flood events over the YRB region in central China during June of 1998 (Hereafter referred to as EX20).
This experiment aimed to investigate impacts of increased horizontal resolution on simulated precipitation for the extreme flood case.
In EX60, the model domain consisted of 151 by 111 grid points in the zonal and meridional direction (9000 km Â 6000 km), respectively, with the horizontal grid spacing of 60 km, including nearly all parts in Asia and its nearby ocean, while its nested domain (EX20) had 100 by 100 grid points with 20 km grid distance in the horizontal focusing on the severe flood region near the YRB in China (Fig. 1) . In the vertical, there were 23 layers between the 70 hPa model top and the surface in both experiments. The time step of model integration for 60 and 20 km mesh domains are 180 and 60 seconds, respectively. All physics parameterizations were identical in both experiments; the Grell cumulus parameterization (Grell 1993) , the simple ice cloud microphysics (Dudhia 1989) , a non-local planetary boundary layer physics (Hong and Pan 1996) , and the CCM2 radiative transfer package (Briegleb 1992) . Since the focus of this paper is on precipitation, the resolvable-scale and cumulus convection parameterization schemes, are described in some detail in the next paragraphs.
In the Grell cumulus parameterization scheme, clouds are pictured as two steady-state circulations caused by an updraft and a downdraft, with assumption that there is no direct mixing between cloudy and environmental air except at the top and bottom of the circulation (Grell 1993) . A simple cloud model is used, which assumes that the mass fluxes in updraft ðm u Þ and downdraft ðm d Þ are constant with height, and the originating levels of updraft and downdraft are given by the levels of maximum and minimum environmental moist static energy, respectively. This scheme is activated only when a parcel lifted from the updraft originating level attains moist convection conditions. Condensation in the updraft is calculated by lifting a saturated parcel. The downdraft mass flux is assumed to depend on the updraft mass flux according to the relation,
where I 1 is the amount of condensation integrated over the whole depth of the updraft normalized by the updraft mass flux, I 2 is the evaporation in the downdraft normalized by the downdraft mass flux, and b is the fraction of updraft condensation that re-evaporates in the downdraft, that is, 1 À b is the precipitation efficiency. Rainfall is then given by
Thus, b is analogous to the b factor of the Kuo scheme, and is an important parameter in determining the intensity of convection as affected by the stabilizing effect of the downdraft. In this study, b is a function of the vertical wind shear ðu z Þ following the Fritsch and Chappell (1980) as
The heating and moistening feedback into the large-scale environment is then entirely determined by compensating mass fluxes and detrainment at cloud top and bottom. This scheme also includes the cooling effect of moist convective downdrafts.
In the simple ice representation of cloud microphysics (Dudhia 1989) , it is assumed that there is no super-cooled water, nor superwarmed snow and/or ice of any kind. That is, this scheme allows for ice-phase below 0 C, where cloud water is treated as cloud ice, and rain is treated as snow. In this scheme, melting is assumed to take place within one model level of the freezing point, so that cloud ice and snow melt immediately on descending below the 0 C level, and cloud water and rain freeze immediately upon ascending above this level. This assumption is good for slowly falling particles, but does not capture the true history of heavy particles subjected to intense vertical motion. Hydrometeors, such as graupel and hail, that form through much mixed phase growth, are neglected since it is not possible to represent them adequately with the assumption mentioned above.
For lateral boundary forcing, 15 and 10 grid points were used for the buffer zone in EX60 and EX20, respectively. In the spectral nudging technique applied to the horizontal wind fields in both experiments, the large-scale spectral regimes were assumed to have wave numbers up to seven and five in zonal and meridional directions, respectively, in EX60, and wave number up to two in both directions, were assumed for the large-scale spectral regimes in EX20. These wave numbers of EX60 and EX20 corresponded to a wavelength of approximately 1000-1200 km.
In order to provide initial and boundary data to drive the regional climate model, upper-air variables (zonal and meridional winds, temperature, and relative humidity) on a 2.5 Â 2:5 horizontal grid mesh and at 13 pressure levels from 1000 to 70-hPa along with surface variables on a T63 Gaussian grid (approximately a 1:875 Â 1:904 grid mesh), were obtained from 6-hourly NCEP/NCAR reanalysis 2 (Kistler et al. 2001) and interpolated to the model grids bi-linearly. The observed sea surface temperature (SST) was updated every 24 hours from the 1 Â 1 weekly data (Smith and Reynolds 1998) . Surface boundary conditions required for the NCAR LSM are surface types, soil color, soil texture and lake/wetlands fraction. The sources of these data were described in Bonan (1996) . The SNURCM also requires initial soil moisture and temperature fields, which were obtained from an off-line simulation of the NCAR/LSM, after it reached an equilibrium state under the forcing of 6-hourly atmospheric values, and surface radiation from NCEP reanalysis, as well as daily observed precipitation from the NCEP/Climate Prediction Center (CPC) archives for the year of 1998. The model was integrated for four months (MJJA), starting from May 1, 1998.
The simulation results were compared with the NCEP/NCAR reanalysis 2 driving fields, and the observation data, in order to evaluate the performance of the model. The stationobserved precipitation and 2-m height daily maximum/minimum temperatures obtained from NCEP/CPC, were used after being converted to the model grid system using the Multi-Quadric Interpolation method (MQD) (Nuss and Titley 1994) . The CPC Merged Analysis of Precipitation (CMAP) data (Xie and Arkin 1997) , were also used to evaluate the monthly precipitation over ocean, and investigate the intra-seasonal variation of precipitation during EASM, obtained from an Empirical Orthogonal Function (EOF) analysis.
3. The 1998 flood over East Asia and the results of 60 km experiment Ding and Liu (2001) demonstrated that the severe flood in China during the 1998 summer was related to the strongest El-Niñ o (1997/98) activity of the last century. The changes of the atmospheric and oceanographic circulation over the equatorial Pacific Ocean modified the monsoon circulation, which in turn intensified the convective activity over East Asia.
In order to investigate the large-scale characteristics over East Asia during the 1998 summer monsoon period, the anomalous patterns averaged for the summer (JJA) were analyzed, using the 10-year average from 1989 to 1998, obtained from NCEP/NCAR reanalysis 2 data. Figure 2 shows the anomaly fields of the 1998 summer from the 10-year average fields. In the summer of 1998, the upper level (200 hPa), anomalous westerly wind was dominant over central and northern China, Korea and Japan, and anomalous easterly and northeasterly wind were also dominant over southern China and the subtropical west Pacific Ocean, with increased wind speed over 2 m s À1 , compared to the 10-year average (Fig. 2a) . Thus, anticyclonic anomaly circulation was intensified over East Asia, N in 1998 summer. The increased anticyclonic wind field at the upper level, was favorable for the upward induction of lower level warm and moist air. Positive anomalies of sea level pressure and 500-hPa geopotential height, dominated over the northwest Pacific Ocean and south Asia, and their negative anomalies domi-nated over northern China and Korea (Figs. 2b and d) . In 1998, the increased north-south gradient of geopotential height and surface pressure enhanced intensity in the northwest Pacific subtropical high and mid-latitude traveling disturbances. In 1998, the low level (850 hPa), warm, wet anomalous westerly and southwesterly wind was enhanced over southern, central China and the East China Sea, and anomalous easterly wind was also enhanced south of about 20 N, while the mixing ratio was increased by 0.2-0.4 g kg À1 over China, and decreased by 0.2-1.0 g kg À1 over the northwest Pacific ocean (Fig. 2c) . Therefore, during the 1998 summer, precipitation over the East Asian continent was increased due to anomalously increased upper-and low-level wind, and low-level moisture, which led to enhanced convective activities, while precipitation over the northwest Pacific Ocean was decreased due to intensified subtropical high, and decreased low-level moisture. Hence, the favorable largescale conditions over East Asia during the 1998 summer resulted in a strong positive anomaly of summer precipitation, with a maximum value by about 4 mm day À1 over the YRB region. The observed and simulated monthly precipitation amounts are shown in Fig. 3 . The observed precipitation over land was obtained using the MQD interpolation method, from station locations to 60 km model grids, and the 2.5 interval CMAP data were used over the ocean. In June, the observed major rain band, associated with the Meiyu and Baiu monsoon fronts, occurred in southern China, the YRB (25-30 N, 110-122 E) and the ocean area south of Japan (Fig. 3a) . The model reproduced the extreme precipitation near the YRB, but the rain band was not sufficiently extended westward in the simulation (Fig. 3b) . In south- ern China, the observed major rain area, and its maximum precipitation centered at 25 N and 110 E, was not appropriately captured in the simulation, so that the amount of precipitation over the southern coast of China, was significantly underestimated. However, the model overestimated precipitation by about 50% in the intensive monsoon rain-band over the ocean area south of Japan, and simulated an unrealistic heavy precipitation area over the South China Sea. In July, the observed heavy precipitation events occurred in YRB, and the upper reaches of the Yangtze River, which were associated with the second phase of the Meiyu monsoon front during the second half of July, as shown in the Ding and Liu (2001)'s study (Fig. 3c) . The model captured precipitation in YRB along 30 N, northern China, and Korea in the simulation (Fig. 3d) . However, in the simulation, precipitation south of Japan and over the South China Sea was overestimated. In August, the model reproduced not only the rain band extended from the upper reach of the Yangtze River to Korea and Japan, but also rain areas over central China near the lower YRB and the East China Sea (Figs. 3e and f ) . However, the amount of the simulated precipitation in the rain band was underestimated, especially over the Korean Peninsula where values were about 60% of normal. During the simulation period, the model produced excessive precipitation over the Bay of Bengal and the Northwest Pacific. In the simulation, precipitation over southern China, and the west region of China, was likely underestimated, since moisture transport from these ocean areas to the East Asia continent was decreased in 1998 summer (Fig. 2c) .
In order to identify the spatial and temporal characteristics of the summer (MJJA) monsoon precipitation anomaly in 1998, the EOF analysis for the 10-year mean (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) summer, and the 1998 summer using the CMAP five-day mean rainfall data, and the simulated 1998 summer rainfall were examined (Figs. 4 and  5 ). In the 10-year summer-averaged precipitation, the first eigenvector field (60.8% of total variance) was characterized by large positive values over India, the Bay of Bengal and the northwest Pacific Ocean, in which large precipitation amounts occurred (Fig. 4a) . It is also noteworthy that negative values over southern China, the East China Sea and south of Japan were related to summer monsoon-rain fronts. The associated time series of the first eigenvector had negative and positive values before and after mid June, respectively (Fig. 5a) . The second eigenvector field (19.7%) of the 10-year mean was characterized by an elongated region of large positive values over west India, south China and Japan, and a large region of negative values over the subtropical western Pacific Ocean (Fig. 4b) . The elongated pattern of positive values also contributed additionally to the Meiyu and Baiu monsoon fronts in China, Korea and Japan. The time series corresponding to the 10-year mean second EOF, also indicated the intra-seasonal variability of the monsoon fronts over East Asia, that is, the positive values of the second EOF starting from early June, reached its peak around mid-June, and then changed its sign again in mid-July (Fig. 5b) . Compared to the 10-year mean precipitation, the EOF of the observed precipitation during summer of 1998 had somewhat different features. In 1998, the first EOF of the observed precipitation was only about 30%, and the region of negative values over the northwest Pacific Ocean and southern China became very large (Fig. 4c) . The reduction of the first EOF in the 1998 for observed precipitation, which had a large peak around the end of June and early July, could provide an important indication to the characteristics of the 1998 abnormal rain events over China, Korea, and south Japan. The second EOF of the observed precipitation in summer of 1998, which was strongly increased in the regions of positive values corresponded well to the extreme rain over southern China, the Yangtze River, and south Korea and south Japan in June (Fig. 4d) . The time series of the second EOF for the 1998 observations had a large peak in mid-June (Fig. 5b) . The third EOF eigenvectors of 10-year summer mean, and the 1998 summer mean observed data were 6.0% and 11.8%, respectively, and their associated time series were different, between the 10-year mean and 1998 (not shown). Therefore, the abnormal rainfall over the YRB region was affected by strong intra-seasonal variability of the Asian summer monsoon front in 1998.
In the first EOF of the simulated precipitation during the 1998 summer, the positive val-ue (major rainfall) and the negative value regions were not well reproduced, although the variance percentage of the first EOF was close to the 1998 observation (Fig. 4e) . In the first EOF of the simulation, the negative value region did not extend sufficiently from central China to south of Japan, which may be where the Meiyu and Baiu fronts were in 1998. The temporal variation of the simulated first EOF in rainfall had a similar pattern to that observed, but its peak had a much larger magnitude than observed and occurred approximately one week earlier (Fig. 5b) . The second EOF in the simulation was 13.7%, only about half of the observed EOF (22.4%) (Fig. 4f ) EOF were well reproduced over East Asia, except for the west part of southern China and the South China Sea. The second EOF in the simulation corresponded to the 1998 flooding events over the YRB region, but the pattern of the second EOF over the west region of southern China and the South China Sea implies that the model did not simulate precipitation over these regions (see Fig. 4 ). The temporal variation of the simulated second EOF also had a similar pattern to observation, but in June and July, its maximum and minimum peaks with very large magnitude in the minimum, occurred about one week earlier than observation (Fig. 5b) . The simulated precipitation was in better agreement with observation in the temporal and spatial variation for the second than the first EOF, explaining the East Asian anomalous monsoon during the summer of 1998. The third EOF in the simulation was similar to the second EOF in percentage, and the combined second and third EOFs, were likely to correspond to the observed second EOF. 20-26 N) . The model overestimated monthly mean precipitation in the three regions in May, in particular, over northern China. This result, which was similar to that of the Wang et al. (2003) study, could be related to the spin-up problem of precipitation processes at the initial stage of simulation. In June, the model underestimated precipitation amounts, in particular, over southern China in which the simulated precipitation was only about 60% of observation. However, the model simulated well the heavy precipitation over central China being about 90% of that observed. In July and August, the simulated precipitation had relatively small bias in China, since the model simulated the evolution of monsoon rain-band over China reasonably. Figures 6 and 7 show the time series of areaaveraged daily precipitation and maximum/ minimum surface air temperatures for three regions in China, respectively. The simulated temporal evolution of precipitation was in good agreement with observation, in particular, northern and central China, by capturing most of the temporal peaks (Fig. 6 ). In particular, in central China, the severe precipitation events associated with the Meiyu monsoon fronts during the second half of June and July were well captured in the simulation (Fig. 6b) . In northern China, three peaks in May, and the abnormal flooding events over this region during early July and August were also well simulated (Fig. 6a) . However, in southern China, the simulated precipitation intensity was 10-20 mm day À1 weaker than that observed. The model captured the trends of both maximum and minimum surface temperatures (Fig. 7) . However, a slight warm bias of maximum surface air temperature was simulated in central China in July and August, while in northern China, there was a cold bias in simulated maximum surface air temperature, especially, with large cold biases in May and June over all three regions through the model integration period. There were also prominent cold biases of over 3-5 C in the simulated minimum surface air temperature. This may be related to the cold bias of surface air temperature in NCAR/LSM, that appeared over some regions as pointed out by Bonan et al. (2002) , as well as to the fact that no shallow convection is included in the MM5 moisture processes.
Results of nesting experiment with 20 km resolution
The observed and simulated monthly mean precipitation amounts for June are shown in Fig. 8 . The simulated maximum precipitation over the region between 115-120 E and 27-30 N was about 90% of that observed in EX60, but slightly over 100% in EX20. The major rain-band in EX20 was simulated slightly further westward than in EX60. The simulation with 20 km horizontal resolution contributed to the increase of the maximum precipitation in the major rain band for the extreme case even over southern China near the South China Sea where little rain was simulated in EX60. In the simulations, there was not much precipitation amount near the western boundary of the EX20 domain, which might be caused by the effect of mountain shadow east of the Tibet Plateau, and the weak lower-level westerly or southwesterly flows. Figure 9 shows the distribution of daily precipitation intensity in June averaged over the land in the EX20 domain for both experiments. This was produced by calculating the frequency of occurrence of daily precipitation events within the given intervals of intensity, and then divided by the total number of daily precipitation events. The frequencies of daily precipitation intensity were almost the same for both simulations, but there were slightly higher frequencies for the moderate intensity of 5-6 mm day À1 in EX20. The frequencies of the light precipitation events below 5 mm day
À1
were generally less than in EX60, while those of moderate and strong precipitation events over 5 mm day À1 were more in EX20, indicating that the intensity of precipitation was increased with higher horizontal resolution in this case. These features correspond to the results of the previous studies (e.g., Mearns et al. 1995; Giorgi and Marinucci 1996) with horizontal resolution of 50 km, precipitation intensity was increased compared to 200 km horizontal resolution. In this study, slight enhancement of summer precipitation intensity, with the 20 km horizontal resolution, was related to the increase of local convective rain, that is responsible for most of the heavy rainfall events over the East Asia region during the summer season. In EX20, precipitation intensity was not increased significantly despite very high humidity condition during the summer. However, in this study, the increase of horizontal resolution was likely to lead to better simulation of higher precipitation intensity. Area-averaged monthly precipitation and 2 m-height surface air temperature biases in the land area of the EX20 domain, are shown in Table 2 . Total precipitation was increased by about 10% in EX20, resulting primarily from the increase of convective precipitation amount. In EX20, convective precipitation was increased by about 0.8 mm day À1 compared to EX60, but non-convective precipitation remained almost the same as in EX60. The percentage of the convective precipitation of the total precipitation was 22% in EX60, but increased to 30% in EX20. In this study, the Grell cumulus parameterization scheme could increase convective precipitation, when horizontal resolution is changed from 60 to 20 km. However, note that surface air temperature appeared similar between two simulations, despite the difference of convective precipitation amounts between two simulations (Table 2) .
Increased convective precipitation in EX20 can be related to the vertical profiles of monthly mean temperature and vertical wind velocity difference, between EX20 and EX60 in the land area of the EX20 domain (Fig. 10) . In EX20, air temperature was reduced slightly by 0.1-0.2 C below about 900-hPa, but increased above 900-hPa compared to EX60. The reduction below 900-hPa was probably due to the effects of the downdraft in the convective process. Also, air temperature and upward motion were increased above 800-hPa in EX20. The vertical distribution of air temperature and vertical motion differences, implies the increase of Pressure ( buoyancy resulting in more latent heat release in the upper troposphere. The vertical distribution of simulated monthly mean cloud water content averaged over land area in the EX20 domain, also indicates that EX20 produced more precipitation than EX60 and maintained less cloud water content below about 600 hPa (Fig. 10b) . The sensitivity of cloudiness to model resolution may be associated with the precipitation process. In EX20, increased precipitation resulted in decreased atmospheric water vapor (i.e. cloud water content), because the influx from the boundaries was approximately the same in both simulations. The change of mid-and low-level cloud water amount was related to cloud radiation and surface energy budget. For example, in EX20, the reduction of cloud water amount led to the increase of not only incoming solar energy, but also latent heat flux from the surface. Area-averaged monthly energy budget at the surface was calculated over land area of the EX20 domain in June (Fig. 11) . In EX20, as cloud amount was decreased with increased horizontal resolution, net solar radiation at the surface ðS down À S up Þ was increased by 11.9 W m À2 , and net infrared loss ðL up À L down Þ was increased by 2.1 W m À2 , compared to EX60. In EX20, latent heat flux at the surface ðL h Þ, and sensible heat flux at the surface ðS h Þ, were also increased by 7.5 W m À2 and 1.8 W m À2 , respectively, compared to EX60. The increased net solar radiation at the surface played an important role to increase latent heat fluxes from the surface. Note that outgoing long wave radiation at the surface in EX20 remained the same as in EX60, despite reduction in cloud water in EX20. Incoming solar radiation and latent heat flux at the land surface in EX20, were increased compared to the values for EX60 (Fig.  12) . In EX20, the increases of downward solar radiation and upward latent heat flux at the surface, contributed to the increase of convective precipitation. Convective rain in EX20 was increased over most of the land area, in particular, southern China, compared to EX60. Therefore, in EX20, enhanced downward solar radiation and upward latent heat flux resulted in more convective precipitation over southern China than other regions. Figure 13 shows diurnal variation of precipitation over land in the EX20 domain during June of 1998. The diurnal precipitation was calculated using 3-hour accumulated precipitation. In the simulations, the maximum peak of convective precipitation appeared in the afternoon, but at the maximum peak, convective precipitation of EX20 was about twice as large as that of EX60. The maximum peak of convective precipitation in the afternoon resulted from the increased downward solar radiation, and upward latent heat flux in the daytime as shown in the budget calculation. Nonconvective precipitation in both simulations tended to increase gradually from the evening, with the maximum peak around noon, and then to decrease rapidly from noon because of the decrease of relative humidity. The maximum peak of the total precipitation appeared around noon, and the minimum occurs in the evening time, but more precipitation amount occurred in EX20 than EX60 during the diurnal cycle period, because of the increase of convective rain. Figure 14 shows diurnal variation of precipitation during the 1998 summer (MJJA). Convective precipitation was significantly increased in the daytime in EX20, and nonconvective precipitation was the major contribution to the total precipitation for most of the diurnal period in EX60, except for in the afternoon. In EX20, the increase of non-convective and convective precipitation for the afternoon time was likely attributed to the increase of latent heat release. It is noted that in both EX60 and EX20, the diurnal variation of the convective precipitation in 1998 summer (MJJA) was similar to that in 1998 June. In EX20, the diurnal variation of the non-convective precipitation was much different, between 1998 June and 1998 summer, because more convective activity induced non-convective rain during the afternoon and the evening in July and August, and non-convective rain was weak for the rest of the diurnal period due to difference in weather between June and July-August. This result indicates that in June 1998, precipitation in both simulations was dominated by nonconvective precipitation, but in summer 1998 (MJJA), precipitation in EX20 was dominated by not only non-convective but also convective precipitation. In this study, with increased horizontal resolution, the Grell cumulus convective parameterization scheme played a different role in precipitation processes, between 60 km and 20 km horizontal resolution.
Summary and conclusion
In this study, we evaluated the capability of the SNURCM by examining its simulations of an abnormal extreme climate event occurring in 1998, and assessing the impact of higher horizontal resolution on the precipitation based on two experiments of different horizontal resolution. We focused on precipitation simulations of the month-long record-breaking heavy rainfall event over central China in summer 1998 comparing results of the model with 60 km horizontal resolution to a model version using a nested grid of 20 km horizontal resolution for the region of intense rainfall.
The observed anomalous large-scale fields over East Asia in 1998 summer, which resulted in the severe flood events over central China that were characterized by the strong westward expansion of the Northwest Pacific high, the enhanced mid-latitude traveling disturbance over northern China, Korea, and Japan, and the increase of cold/dry upper-level wind and warm/wet low-level wind over the YRB region. The model with 60 km horizontal resolution captured to a certain extent the flood events associated with synoptic-scale disturbances over East Asia during the 1998 summer. The simulated precipitation amounts corresponded to observations, except for the precipitation amounts over southern China in June. In particular, the extreme floods over the YRB region were reasonably reproduced. However, the model tended to underestimate precipitation over southern China and west of China, that could be associated with the overestimated precipitation over the subtropical ocean areas, such as the Bay of Bengal and the Northwest Pacific.
The intra-seasonal variation of the EASM precipitation band in the summer 1998, characterized by the Meiyu/Baiu front activities, was revealed well in observations and in the simulation. The model produced realistic temporal and spatial characteristics of precipitation events in China, with development of the Meiyu/Baiu front activities about a week earlier. The heavy rainfall events over the YRB region in the 1998 summer were also characterized by the observed and simulated second EOF patterns. In general, the model underestimated precipitation amounts in China during the summer of 1998, especially in the flood time for June. The summer variation of the simulated maximum and minimum surface air temperatures was in agreement with observation, but the minimum temperature was 3-5 C underestimated.
The 20 km resolution experiment simulated more precipitation than the control experiment EX60 although surface temperatures were similar. Precipitation intensity and the portion of precipitation due to convective activity were enhanced in the 20 km resolution run demonstrating a sensitivity of convective precipitation to horizontal resolution in the cumulus parameterization scheme. With increased horizontal resolution, increased convection resulted in increased precipitation which reduced mid-and low-level cloud water content. Consequently the reduction of clouds resulted in the increase of incoming solar radiation and more upward latent heat flux at the surface. As a result, increased incoming solar radiation and latent heat led to the increase of convective precipitation, in particular, over southern China. As horizontal resolution increased, convective precipitation was increased for the daytime and evening. In both EX60 and EX20, precipitation was dominated by non-convective rain during the onset of the EASM period for June in this study. However, for summer (MJJA), precipitation was contributed by both non-convective rain and convective rain in EX20. Consequently, the model using 20 km horizontal resolution reproduced better to a certain extent the severe precipitation event over East Asia during the 1998 summer, in particular the record-breaking flood event over the YRB region and southern China. With horizontal resolution increased to 20 km, the convective and nonconvective precipitation was increased some for the late afternoon and early evening time, but this contributed only slightly to the total precipitation. The model also had significant biases in simulated precipitation over some areas partially due to disagreement in the simulated precipitation patterns with observations and due to surface air temperature which had cold bias resulting from the land surface model. More research should be given to improve the model performance over the ocean areas, such as the improvement of cumulus parameterization and proper configuration of the model domain or size. It is strongly suggested that it is necessary to compare the diurnal variation with the 20 km horizontal resolution model with observations.
